The ATP-binding cassette transporter 1 (ABCA1) has recently been identified as a key regulator of high-density lipoprotein (HDL) metabolism, which is defective in familial HDL-deficiency syndromes such as Tangier disease. ABCA1 functions as a facilitator of cellular cholesterol and phospholipid efflux, and its expression is induced during cholesterol uptake in macrophages. To assess the role of macrophage ABCA1 in atherosclerosis, we generated lowdensity lipoprotein (LDL) receptor knockout (LDLr ؊/؊ ) mice that are selectively deficient in leukocyte ABCA1 (ABCA1 ؊/؊ ) by using bone marrow transfer (ABCA1 ؊/؊ 3 LDLr ؊/؊ ). Here we demonstrate that ABCA1 ؊/؊ 3 LDLr ؊/؊ chimeras develop significantly larger and more advanced atherosclerotic lesions compared with chimeric LDLr ؊/؊ mice with functional ABCA1 in hematopoietic cells. Targeted disruption of leukocyte ABCA1 function did not affect plasma HDL cholesterol levels. The amount of macrophages in liver and spleen and peripheral blood leukocyte counts is increased in the ABCA1 ؊/؊ 3 LDLr ؊/؊ chimeras. Our results provide evidence that leukocyte ABCA1 plays a critical role in the protection against atherosclerosis, and we identify ABCA1 as a leukocyte factor that controls the recruitment of inflammatory cells.
A TP-binding cassette (ABC) transporters constitute a large family of evolutionary conserved transmembrane proteins that translocate a wide variety of substrates across cellular membranes (1) (2) (3) (4) (5) . Work from our laboratory and from others provided evidence that mutations in the human ABC transporter 1 (ABCA1) gene are the underlying molecular defect in familial high-density lipoprotein (HDL)-deficiency syndromes such as Tangier disease (TD) (6) (7) (8) . TD is an autosomal recessive disorder that is characterized by severe HDL deficiency, deposition of cholesteryl esters in cells of the reticuloendothelial system, and premature development of coronary artery disease in a subgroup of patients (9) (10) (11) . ABCA1 is a multispan transmembrane molecule with high expression levels in the adrenal gland, liver, lung, intestine, placenta, and fetal tissues (2, 12) . A recent study demonstrated that it functions as a facilitator of cholesterol and phospholipid export at the plasma membrane (13) . Expression of ABCA1 is induced during monocyte differentiation into macrophages and up-regulated by cholesterol influx (12) , suggesting a role for this ABC lipid transporter in reverse cholesterol transport, a process by which excess cholesterol is removed from the periphery and transported to the liver (14) . Recent data showed that ABCA1 is directly involved in cAMP-inducible (15) and peroxisome proliferator-activated receptor (PPAR)-␣ and -␥ mediated removal of cholesterol from macrophage foam cells in vitro (16) . A role for ABCA1 and, in particular, macrophage ABCA1 in atherogenesis is therefore conceivable.
Materials and Methods
Mice. ABCA1 knockout (ABCA1 Ϫ/Ϫ ) mice, previously generated by the R.W. Johnson Pharmaceutical Research Institute (17) , and nontransgenic littermates were used. Homozygous low-density lipoprotein (LDL) receptor knockout (LDLr Ϫ/Ϫ ) mice (18, 19) were obtained from The Jackson Laboratory as mating pairs and bred at the Gaubius Laboratory, Leiden, The Netherlands. Mice were housed in sterilized filter-top cages and given unlimited access to food and water. They were maintained on sterilized regular chow (SRM-A), containing 5.7% (wt͞wt) fat and no cholesterol (Hope Farms, Woerden, The Netherlands), or were fed a semisynthetic high-cholesterol Westerntype diet [15% (wt͞wt) cacao butter, 0.25% (wt͞wt) cholesterol, 20% (wt͞wt) casein, 10% (wt͞wt) corn starch, and 41% (wt͞wt) sucrose], composed according to Nishina et al. (20) . Drinking water was supplied with antibiotics (83 mg͞liter of ciprofloxacin and 67 mg͞liter of polymyxin B sulfate) and 6.5 g͞liter of sucrose.
efflux in the presence of HDL and 2% BSA minus the efflux in the presence of 2% BSA only.
Serum Lipid and Apolipoprotein Analyses. After an overnight fasting period, approximately 100 l of blood was drawn from each individual mouse by tail bleeding. The concentrations of total cholesterol, triglycerides, phospholipids, and the distribution of cholesterol and triglycerides over the different lipoproteins in serum were determined as described (21) . The serum apoAI concentration was determined by ELISA, by using polyclonal goat-anti-mouse apoAI (Harlan Sera-lab, Loughborough, U.K.) as coating antibody and biotinylated goat-anti-mouse apoAI as sandwich antibody. Finally, biotinylated horseradish peroxidaseconjugated streptavidin was applied, and plates were incubated with 3,3Ј,5,5Ј-tetramethylbenzidine. Pooled serum of C57BL͞6 mice was used as standard. ApoE was measured by using a sandwich ELISA specific for mouse apoE, as described (21) .
Hepatic Triglyceride Production and Postheparin Plasma Lipolytic
Activity. Hepatic triglyceride production was determined at 8 weeks posttransplant by i.v. injection of 500 mg͞kg of Triton WR1339 (Sigma) after an overnight fast (23) . Blood samples were taken at 0, 1, 2, 3, and 4 h after Triton WR1339 injection, and plasma triglyceride levels were measured enzymatically. The hepatic triglyceride production rate was calculated from the slope of the curve. Postheparin plasma for determination of lipolytic activity was obtained after i.v. injection of 1,000 units͞kg of heparin (Leo Pharmaceutical Products, Ballerup, Denmark) 20 min before blood collection. Plasma samples were subsequently assayed for lipolytic activity by using a substratebased assay with a radiolabeled triolein emulsion as described by Zechner (24) . The lipolytic activity was calculated from the amount of free fatty acids released per ml͞h.
Histological Analysis of the Aortic Root.
To analyze the development of atherosclerosis at the aortic root, transplanted mice were killed at 5 months posttransplant after 12 weeks of feeding the high-cholesterol Western-type diet. The arterial tree was perfusion-fixed (Zinc Formal Fixx, Shandon, U.K.), and atherosclerosis was analyzed as described (21, 25) . Mean lesion area (in m 2 ) was calculated from 10 oil red O͞hematoxylin-stained sections, starting at the appearance of the tricuspid valves. Sections were immunolabeled against MOMA-2 (a generous gift of G. Kraal, Vrije Universiteit, Amsterdam; dilution 1:50) or CD68 (a generous gift of S. Gordon, Oxford University, Oxford, U.K.; FA-11 dilution 1:500) for detection of macrophages as well as freshly infiltrated monocytes (26) (27) (28) . Collagen content of the lesions was visualized with aniline blue by using Masson's Trichrome accustain according to the manufacturer's instructions. The MOMA-2 or CD68 positive lesion area and collagen content of the lesions were subsequently quantified in five consecutive sections by computer-aided morphometric analysis using the Leica image analysis system. Furthermore, a histological classification of atherosclerotic lesions in the aortic root was performed on oil red O͞hematoxylin and Masson's Trichrome (Sigma) stained sections according to the recommendations of the American Heart Association (29-31). Ranking was performed blinded on four sections of nine mice from each group by two independent investigators.
Macrophage Quantification in Liver and Spleen. Paraffin sections (5 m) of liver and spleen were stained for the F4͞80 antigen, which specifically recognizes mature tissue macrophages (28) , by subsequent incubation with rat-anti-mouse Cl:A3-1 (Bachem; dilution 1:50) and goat-anti-rat IgG conjugated to alkaline phosphatase (Sigma; dilution 1:200). The F4͞80-positive area in liver and spleen was quantified by using the Leica (Deerfield, IL) image analysis system.
Morphological Analysis and Immunophenotypic Characterization of
Hematopoietic Cells. Total cell counts were analyzed from EDTA blood by using an ADVIA 120 hematology analyzer (Bayer Diagnostics, Tarrytown, NY). The microscopic white blood cell and bone marrow differential was obtained from MayGrünwald-Giemsa-stained smears. For further characterization, whole blood or bone marrow samples were preincubated with the antibody 2.4G2 directed against the Fc-binding region of Fc ␥-receptor II and III followed by staining with antibodies directed against CD3, CD4, CD8a, CD11c, CD13, CD34, CD41, CD45, CD117, and Ly-6A͞E. All antibodies were obtained from PharMingen. Cells were analyzed on a dual laser FACSCalibur (Becton Dickinson) followed by data analysis by using predefined clusters (ATTRACTORS software). Peritoneal leukocytes were analyzed on May-Grünwald-Giemsa-stained cytospin preparations and by flow cytometry based on four-color analysis of CD13, CD11c, CD45, and CD4.
Statistical Analyses. Statistical analyses were performed utilizing the unpaired Student's t test (INSTAT, GraphPad Software, San Diego).
Results and Discussion
Generation of LDLr Knockout Mice Deficient in Leukocyte ABCA1. To assess the biological role of macrophage ABCA1 in lipoprotein metabolism and atherogenesis, we used the technique of bone marrow transplantation to selectively disrupt ABCA1 in hematopoietic cells. Bone marrow from previously generated mice, lacking functional ABCA1 in all tissues (17) , was transplanted into LDLr knockout mice, which represent an established model for the development of atherosclerosis (18, 19) (Fig. 1a) . Suc- Fig. 1 . Design of bone marrow transplantation experiment and verification of success of bone marrow transplantation. (a) One day before transplantation, mice were exposed to total body irradiation and subsequently engrafted with 0.5 ϫ 10 7 bone marrow cells from ABCA1-deficient mice or wild-type littermates. During the first 8 weeks, mice were maintained on a chow diet containing 5.7% fat and no cholesterol. At 8 weeks after bone marrow transplantation, the diet was switched to a high-cholesterol Western-type diet (WTD) containing 15% fat and 0.25% cholesterol. Serum lipid levels were carefully monitored throughout the experiment. After 12 weeks feeding WTD, the chimeras were killed for lesion assessment in the aortic root. (Fig. 1c) .
Effect of Disruption of Leukocyte ABCA1 Function on Plasma Lipid
Levels. During the course of the experiment, the effects of the absence of ABCA1 from hematologic cells on serum lipid levels were carefully monitored. In contrast to patients with TD and ABCA1 knockout mice, both displaying only low plasma levels of HDL precursor particles (6-8, 13, 17, 32, 33) , no significant effect of leukocyte ABCA1 deficiency on HDL cholesterol levels (Fig. 2a) or on HDL lipid composition (data not shown) was observed. Serum apoAI levels, however, were reduced by 24% (n ϭ 11, P Ͻ 0.05; Table 1 ), whereas apoB100 levels remained unchanged (data not shown). In TD patients and in ABCA1 knockout mice, newly synthesized lipid-poor apoAI cannot acquire phospholipid and cholesterol from tissues because of the absence of ABCA1, which leads to a dramatic reduction of apoAI in plasma (13) caused by hypercatabolism of pre␤-HDL precursors (33) . Interestingly, the moderate reduction of plasma apoAI levels in ABCA1
chimeras indicates that the absence of ABCA1 in hematologic cells alone can already affect plasma apoAI catabolism.
Total serum cholesterol levels on a chow diet were moderately decreased by 14% (n ϭ 11, P Ͻ 0.05) in ABCA1
chimeras, as compared with controls, whereas triglyceride levels were 74% (n ϭ 11, P Ͻ 0.001) increased ( Table 1 ). As indicated in Fig. 2 a and b , changes in these lipid levels are caused by a slight decrease in cholesterol and an increase in triglycerides in VLDL and LDL. Moreover, by analysis of the percentile lipid composition of isolated VLDL and LDL fractions from pooled sera, it was established that the decrease in serum cholesterol and the increase in triglycerides were largely accounted for by changes in VLDL and LDL lipid composition. Both VLDL and LDL were enriched in triglycerides at the expense of cholesteryl esters. Triglycerides in VLDL were increased in the ABCA1
chimeras as compared with the controls from 30 to 58%, whereas cholesteryl esters were lowered from 50 to 23%. For LDL the triglyceride content was increased in ABCA1
chimeras (18 versus 10% in controls), whereas cholesteryl esters were lowered (52 versus 60% in controls). Mild hypertriglyceridemia because of enrichment of LDL with triglycerides has also been reported for patients with TD (34) (35) (36) . However, data available on the postheparin lipolytic activity in these patients are inconclusive (36) . In our studies, no effect of leukocyte ABCA1-deficiency on postheparin lipolytic activity was observed (14.2 Ϯ 1.24 mol of free fatty acids (FFA) per ml͞h for ABCA1
mice, n ϭ 6 and 14.8 Ϯ 1.42 mol of FFA per ml͞h for controls, n ϭ 6) indicating that the increased triglyceride contents of VLDL and LDL are not caused by impaired lipolysis. Lipolysis of circulating lipoproteins can also be inhibited by high levels of apoE because of inhibition of LPL by displacement or masking of its activator apoCII (37, 38) . Interestingly, analysis of serum apoE levels by ELISA showed a reduction in serum apoE levels from 23 Ϯ 2 mg͞dl (n ϭ 11) in ABCA1 ϩ/ϩ 3 LDLr Ϫ/Ϫ mice to 13 Ϯ 1 mg͞dl (n ϭ 11; P Ͻ 0.0001) in the ABCA1 Ϫ/Ϫ 3 LDLr Ϫ/Ϫ chimeras, indicating that leukocyte ABCA1 has a significant effect on apoE metabolism. We then tested whether leukocyte ABCA1 deficiency affects triglyceride synthesis by in vivo inactivation of lipolysis by using Triton WR1339. The triglyceride production rates did not differ significantly be- On challenging the mice with a high-cholesterol Western-type diet containing 0.25% cholesterol and 15% fat, serum cholesterol levels increased from 314 Ϯ 91 mg͞dl to 1,068 Ϯ 63 mg͞dl (3.4-fold, n ϭ 10) in ABCA1 Ϫ/Ϫ 3 LDLr Ϫ/Ϫ chimeras and from 366 Ϯ 22 mg͞dl to 1,465 Ϯ 69 (4-fold, n ϭ 11) mg͞dl in ABCA1 ϩ/ϩ 3 LDLr Ϫ/Ϫ mice (Table 1) . Under these conditions, phospholipids were slightly reduced (17%, P Ͻ 0.05) in mice transplanted with ABCA1 Ϫ/Ϫ bone marrow as compared with controls, whereas triglycerides and apoAI did not differ significantly. Furthermore, ABCA1 Ϫ/Ϫ 3 LDLr Ϫ/Ϫ chimeras displayed a less pronounced increase in apoB100 in response to the high-cholesterol Westerntype diet relative to ABCA1 ϩ/ϩ 3 LDLr Ϫ/Ϫ mice (data not shown). Fractionation of serum lipoproteins after 8 weeks feeding the Western-type diet indicated that the increase in cholesterol levels in both groups of mice was mainly caused by an increase in cholesterol associated with VLDL and LDL (Fig. 2c) . The ABCA1 Ϫ/Ϫ 3 LDLr Ϫ/Ϫ chimeras, however, showed an attenuated response to the diet as compared with control ABCA1 ϩ/ϩ 3 LDLr Ϫ/Ϫ mice in the form of lower VLDL and LDL cholesterol levels ( Table 1, Fig. 2c ). No significant difference in VLDL and LDL triglycerides was observed (Fig. 2d) . Lipid composition analysis of isolated VLDL and LDL fractions indicated that VLDL and LDL are enriched in cholesteryl esters (Ϸ60% of the total lipid content), whereas triglycerides are largely reduced in both groups of mice as compared with chow diet. Nevertheless, VLDL and LDL from ABCA1 Ϫ/Ϫ 3 LDLr Ϫ/Ϫ mice still contain slightly more triglycerides (8.7 and 1.7%, respectively) as compared with ABCA1 ϩ/ϩ 3 LDLr Ϫ/Ϫ mice (6.3 and 0.8%, respectively). The minor effect of leukocyte ABCA1 deficiency on the lipid composition of VLDL and LDL indicates that the differences in cholesterol levels between the two groups under these dietary conditions are mainly caused by reduced numbers of circulating VLDL and LDL particles and only to a lesser degree by changes in particle composition. This notion is supported by our observation that ABCA1 Ϫ/Ϫ 3 LDLr Ϫ/Ϫ chimeras display a less pronounced increase in apoB100 levels (a direct measure for the number of circulating VLDL and LDL particles (39) in response to the high-cholesterol Western-type diet relative to ABCA1 ϩ/ϩ 3 LDLr Ϫ/Ϫ mice (data not shown). Feeding the high-cholesterol diet increased serum apoE levels to 110 Ϯ 10 mg͞dl (n ϭ 11) in ABCA1 ϩ/ϩ 3 LDLr Ϫ/Ϫ mice and to 33 Ϯ 2 mg͞dl (n ϭ 10; P Ͻ 0.0001) in ABCA1 Ϫ/Ϫ 3 LDLr Ϫ/Ϫ chimeras. Recently, we have shown that macrophage apoE deficiency does not affect apoE concentration in the circulation, indicating that apoE production by macrophages does not significantly influence serum apoE levels (40) . Thus, the effects of leukocyte ABCA1 deficiency on serum apoE levels are probably caused not by direct effects on macrophage apoE synthesis but rather by indirect effects on hepatic apoE production or apoE catabolism in the periphery.
Disruption of Leukocyte ABCA1 Function Induces Increased Susceptibility to Atherosclerosis. The phenotype of familial HDLdeficiency syndromes such as TD is characterized by excessive accumulation of cholesteryl esters in macrophages (12, 13) . Premature development of atherosclerosis, however, occurs in only half of the individuals with TD (41) . One subgroup of individuals develops premature atherosclerosis, whereas another presents predominantly splenomegaly (42) , indicating differences in macrophage targeting to tissues. In patients with systemic ABCA1-deficiency cholesterol efflux from macrophages is affected not only by the absence of functional ABCA1 from the macrophage itself but also by the inability to convert pre␤-HDL to mature HDL, which leads to failure of critical steps in the process of reverse cholesterol transport.
We assessed whether and to what degree the selective disruption of ABCA1 in circulating cells, in particular macrophages, affects lesion formation in the arterial wall by using our murine chimera model-i.e., under conditions of nearly normal apoAI and HDL plasma levels. Lesion development was analyzed in the aortic root of ABCA1 Ϫ/Ϫ 3 LDLr Ϫ/Ϫ and ABCA1 ϩ/ϩ 3 LDLr Ϫ/Ϫ mice, respectively, 20 weeks after transplantation-i.e., after 12 weeks of feeding a high-cholesterol Western-type diet (see Fig. 1 ). As shown in Fig. 3 a and b , absence of ABCA1 from leukocytes leads to a 60% (P Ͻ 0.0001) increase in the mean atherosclerotic lesion area from 104 Ϯ 10 ϫ 10 3 m 2 (n ϭ 11) in ABCA1 ϩ/ϩ 3 LDLr
chimeras. It is of particular interest that this increase in lesion size is observed despite the 27% reduction in non-HDL cholesterol levels (Fig. 2c) . Quantitative morphological analysis of the atherosclerotic lesions demonstrated that the total area of lesional macrophages was significantly reduced in ABCA1 Ϫ/Ϫ 3 LDLr Ϫ/Ϫ mice compared with ABCA1 ϩ/ϩ 3 LDLr Ϫ/Ϫ mice (31.9 Ϯ 2.9%, n ϭ 10 versus 51.3 Ϯ 4.5%, n ϭ 11, respectively; P Ͻ 0.005; Fig. 3 c and d, Table 2 ). Strikingly, as determined by Masson's Trichrome staining, collagen deposition was 6-fold increased in lesions of ABCA1 Table 2) . Classification of lesions in the aortic root indicated that progression of the disease was more advanced in ABCA1 lesions, which characteristically display a higher degree of fibroatheromatous tissue components (43) . Because macrophages are by far the predominant leukocyte cell type within atherosclerotic lesions (43) and lymphocytes, which occur in lesions only in limited numbers, express only minute amounts of ABCA1 mRNA, if any (unpublished observation), our results strongly suggest that the observed increased susceptibility to atherosclerosis is a direct consequence of the absence of ABCA1 from lesional macrophages. Recently, Joyce et al. reported that overexpression of human ABCA1 in both liver and macrophages protects against the development of diet-induced atherosclerosis in C57bl͞6 mice (44) . However, drawing conclusions on direct effects of ABCA1 overexpression on atherosclerotic lesion development was not possible, as the reduction in atherosclerosis coincided with a marked reduction in the serum concentration of the highly atherogenic lipoprotein VLDL and an increase in HDL cholesterol. In contrast, using our bone marrow transplantation model, we now provide direct evidence that locally in the arterial wall macrophage ABCA1 plays a pivotal role in the prevention of atherosclerotic lesion development.
Enhanced Recruitment of Leukocytes into the Circulation and Peripheral Tissues. Recent studies in patients with TD have suggested a dual function for macrophage ABCA1 in both lipid metabolism and inf lammation (42) . To assess potential morphological changes associated with leukocyte ABCA1 deficiency outside the vasculature, a complete necropsy of the transplanted mice was performed. No significant effects of leukocyte ABCA1 deficiency on body weight were observed at the time of death.
Immunohistological quantification of macrophages in the spleens of the transplanted mice revealed that the area of macrophages was 21% increased (P Ͻ 0.05) from 13.9 Ϯ 1.3% (n ϭ 11) in spleens of ABCA1 (Fig. 4) . Macroscopically, in 3 of 10 ABCA1
mice, splenomegaly with focal expansion of the white pulp was observed, whereas the spleens of all control mice appeared normal. In the liver, the area of Kupffer cells, which constitute the largest population of tissue macrophages in the body (45) , was increased by 30% (n ϭ 10, P Ͻ 0.05) in ABCA1 (Fig. 5b) . Importantly, monocyte (Fig. 5b) , as well as platelet and red blood cell counts (data not shown), did not differ between ABCA1 Ϫ/Ϫ 3 LDLr Ϫ/Ϫ mice and controls. No significant effect of leukocyte ABCA1 deficiency on the relative number of progenitors was found in the bone marrow (Fig. 5c) , indicating that the observed increased peripheral granulocyte and lymphocyte counts in ABCA1 Ϫ/Ϫ 3 LDLr Ϫ/Ϫ mice are thus rather the consequence of sustained leukocyte recruitment from the bone marrow into the circulation than of enhanced hematopoiesis. Taken together, the elevated leukocyte counts in the circulation and the increased presence of macrophages in tissues such as liver and spleen demonstrate that leukocyte ABCA1, in addition to its role in cholesterol efflux, exerts a regulatory function in the recruitment of inflammatory cells to the periphery.
An important mediator in the growth and survival of mononuclear phagocytes is macrophage colony-stimulating factor (M-CSF) (46) . Interestingly, M-CSF deficiency increases hypercholesterolemia in several murine models of atherosclerosis (47, 48) , whereas injection of M-CSF reduces plasma cholesterol levels by enhancing the clearance of non-HDL lipoproteins through both LDL receptor-dependent and independent pathways (49) . Thus, M-CSF might provide an important link between the observed effects of leukocyte ABCA1 on both non-HDL lipoproteins and Kupffer cells and other tissue macrophages.
In summary, our results demonstrate that more advanced and larger lesions of atherosclerosis develop when leukocyte ABCA1 is absent, providing direct evidence that leukocyte ABCA1 exerts a pronounced antiatherosclerotic activity. Several factors may account for this effect, which operates independently of plasma HDL. First, because ABCA1 facilitates cellular cholesterol and phospholipid export (4, 50) , it is likely that excessive cholesterol uptake by macrophages in the vessel wall is compensated to a significant degree by ABCA1-mediated cholesterol efflux. Second, ABCA1 has been implicated in the engulfment of apoptotic cells by macrophages (51, 52) . It is thus conceivable that a compromised phagocytic activity of lesion macrophages because of defective ABCA1 may lead to the enhanced accumulation of apoptotic material that in return may stimulate the inflammatory response within the vascular wall. Finally, it is also possible that, on the basis of as-yet-unknown molecular mechanisms, the recruitment of ABCA1-deficient monocytes to specific target sites such as the arterial wall is enhanced, as evidenced for the liver and the spleen. In such a scenario, it can be expected that facilitated influx of monocytes into the vascular subendothelium would also significantly contribute to lesion progression. Whatever its molecular mechanism, the clear-cut antiatherosclerotic activity of ABCA1 reported in this study renders this ABC transporter an attractive target for the development of antiatherosclerotic drugs.
